p53 protein is phosphorylated in response to various stresses. Here we examined phosphorylation of p53 protein in normal human diploid cells after heat shock at 438C for 2 h. We found that heat shock stimulates phosphorylation of p53 at Ser15 but not at Ser20, while X-irradiation at 4 Gy and 10 J/m 2 of UV induces phosphorylation of p53 at Ser15 and less signi®cantly at Ser20. Increased phosphorylation of Ser15 was also observed in heat shocked GM638, the SV40-transformed human ®broblast cell line. Although X-ray irradiation induced phosphorylation of Ser6, 9, 20, and 37 in GM638 cells, heat shock did not aect the phosphorylation level of these serines. We observed little or no phosphorylation of p53 at Ser15 in two primary ataxia telangiectasia ®broblast cells, that are defective in ATM. Using an in vitro kinase assay, we con®rmed that immunoprecipitated ATM from both heat-shocked and X-irradiated normal human diploid cells can phosphorylate p53 at Ser15 to a similar extent. These results indicate that heat shock induces phosphorylation of p53, especially at Ser15, and its phosphorylation is mediated by ATM kinase.
Introduction p53 protein is a tumor suppressor protein, that is stabilized and activated as a transcription factor in response to various stresses, including ionizing radiation, ultraviolet light, heat shock, and hypoxia. Activated p53 transactivates the downstream genes, including p21 (El-Deiry et al., 1993) , gadd45 (Kastan et al., 1992) , bax (Miyashita and Reed, 1995) , p53AIP (Oda et al., 2000) and p53R2 , whose products regulate cell cycle arrest and apoptosis in order to protect against genome destabilization (Agarwal et al., 1998) .
Stabilization of p53 protein is primarily regulated post transcriptionally, as the levels of p53 mRNA do not change after exposure to DNA-damaging agents (Kastan et al., 1991) . Several reports have shown that p53 accumulates due to an inhibition of its degradation. Under non stressed conditions, p53 is degraded through its binding to MDM2, which functions as E3 for p53 in the ubiquitin-proteasome degradation pathway (Haupt et al., 1997; Honda et al., 1997; Fuchs et al., 1998) . Therefore, inhibition of MDM2 binding is one of the mechanisms of p53 stabilization. Several studies have shown that modi®cations of p53 protein in its N-terminal region play a central role in the dissociation of p53 from MDM2, as p53 has a MDM2-binding domain in its ®rst 18 ± 24 amino acids. There are four phosphorylation sites around this region, including Ser15, Thr18, Ser20, and Ser37 (Shieh et al., 1997; Ashcroft and Vousden, 1999a; Craig et al., 1999; Meek, 1999; Oren, 1999) , and using phosphorylation speci®c antibodies, increased phosphorylation of these sites has been observed in vivo in response to DNA-damaging agents. Thus, phosphorylation of p53 at its N-terminus, especially phosphorylation of Ser20, has been considered to play a role in p53 stabilization.
Although various stresses stabilize p53, the pattern of phosphorylation sites varies depending on the type of stress. For example, ionizing radiation causes a phosphorylation of p53 at Ser15 (Siliciano et al., 1997) , Thr18 (Dumaz et al., 1999) , Ser20 (Unger et al., 1999a; Shieh et al., 1999) , Ser33 Sakaguchi et al., 1998) , and Ser37 . UV, which induces the pyrimidine dimer, stimulates phosphorylation at Ser15, 33, and 37 in vivo (Siliciano et al., 1997; Sakaguchi et al., 1998) . Deferoxamine stimulates phosphorylation of Ser15 but not Ser20 (Ashcroft et al., 2000) . Actinomycin D increases p53 protein levels, but it phosphorylates neither at Ser15 nor Ser20 (Ashcroft et al., 2000) . Because phosphorylation of p53 protein is mediated by the upstream kinases, it is likely that distinctive stresses activate dierent kinases. For example, X-rays activate ATM and ATR, which directly phosphorylate p53 at Ser15 (Banin et al., 1998; Canman et al., 1998) . Activated ATM also indirectly induces phosphorylation at Ser20 through activation of Chk2/Cds1 (Chehab et al., 1999 (Chehab et al., , 2000 Hirao et al., 2000; Shieh et al., 2000) . Casein kinase I (CKI) phosphorylates p53 at Ser6, Ser9, and Thr18 after ionizing radiation (Milne et al., 1992; Sakaguchi et al., 2000) . In contrast, UV activates ATR not ATM, which phosphorylates p53 at Ser15 (Tibbetts et al., 1999; Lakin et al., 1999) , and p38 phosphorylates p53 at Ser15, 33, and 46 after exposure to UV (Bulavin et al., 1999) . These results indicate that dierent stresses phosphorylate p53 distinctively, and multiple pathways are involved in phosphorylation of p53 protein in response to various stresses.
Little is known, however, regarding the phosphorylation of p53 after heat shock. Several studies have found that p53 is stabilized in cells treated with heat shock. Accumulated p53 induces cell-cycle arrest through transactivation of p21 protein, but independent of the dephosphorylation of RB protein (Miyakoda et al., 1999) . These results suggest the possibility that heat shock activates a speci®c kinase, that then phosphorylates p53 protein at speci®c site(s). In the present study, we examined whether p53 protein is phosphorylated in normal human diploid cells and ataxia-telangiectasia cells treated with heat shock.
Results
Phosphorylation of p53 in normal human primary cells and SV40-transformed human cells after heat shock, X-rays, and UV
We examined the phosphorylation of p53 at various times after heat shock at 438C for 2 h in normal human diploid cells, and compared the levels of phosphorylation with those detected after X-irradiation with 4 Gy, and 10 J/m2 of UV exposure (Figure 1a) . Phosphorylation of p53 at Ser15 was signi®cantly increased 3 h after heat shock, with the levels being slightly decreased thereafter. Phosphorylation of p53 at Ser15 was also observed after X-radiation and UV exposure, with the maximum level of p53 phosphorylation after heat shock being slightly lower than those observed after X-irradiation or UV exposure. To determine whether the increase in p53 phosphorylation at Ser15 was not due to increased levels of p53 protein, we used ALLN, which inhibits protein degradation. As shown in Figure 1b , p53 phosphorylation was signi®cantly increased when cells were treated with both ALLN and heat shock (lane 4), whereas p53 accumulated but with little phosphorylation at Ser15 in cells treated only with ALLN (lane 2). In contrast, increased phosphorylation of Ser20 was not observed after heat shock, while little phosphorylation was observed in response to X-rays and UV exposure. The phosphorylation of p53 at Ser392 was signi®cantly increased only after UV treatment. Similar results were obtained in SV40-immortalized GM638 cells ( Figure  2 ). Although 4 Gy of X-rays induced phosphorylation of p53 protein at Ser6, 9, 15, 20, and 37, increased phosphorylation of these serines was not observed after heat shock, except of phosphorylation with Ser15.
Phosphorylation of p53 at Ser15 in AT2KY and AT5BI cells after heat shock and X-irradiation
To determine whether p53 is phosphorylated at Ser15 in AT cells after heat shock, we compared the levels of p53 phosphorylated at Ser15. As shown in Figure 3a , p53 was phosphorylated at Ser15 in normal human Figure 1 Accumulation and phosphorylation of p53 in response to various stresses in normal human diploid cells. (a) Exponentially growing cells were heated at 438C for 2 h, irradiated with 4 Gy X-rays or exposed to 10 J/m 2 UV, and then cells were cultured at 378C for the indicated times (h). Protein extracts were subjected to Western blot analysis using phospho-speci®c antibodies as described in Materials and methods. (b) Cells cultured with or without 25 mM of ALLN were heat-shocked at 438C for 2 h followed by incubation at 378C for 3 h. Accumulation and phosphorylation of p53 proteins was detected by Western blot analysis as described in Materials and methods diploid HE49 cells, but the phosphorylation was not detectable in AT2KY and AT5BI cells. In addition, no phosphorylation of p53 at Ser15 was detected in two AT cells after X-irradiation, whereas it was signi®-cantly induced in normal human cells (Figure 3b ). We found that there was no stabilization of p53 protein in AT cells after X-irradiation, although the p53 accumulation in heat shocked AT cells was comparable to that of normal human diploid cells.
Phosphorylation of p53 at Ser15 by ATM kinase in vitro
We made another attempt to con®rm that ATM phosphorylates p53 at Ser15 after heat shock in vitro (Figure 4 ). Immunoprecipitated ATM from either heat shocked or X-irradiated normal human diploid cells was incubated with histidine-tagged p53 protein. In the upper panel, we con®rmed that each reaction contained an equal amount of p53 protein. Immunoprecipitated ATM from control cells did not phosphorylate p53 (lane 4), but recovery of heat shocked cells at 378C for 3 h did stimulate phosphorylation of p53 (lane 6). Increased phosphorylation of p53 at Ser15 was also observed in ATM obtained from cells irradiated with 6 Gy of X-rays (lane 5).
Discussion
Several reports have shown that DNA-damaging agents such as X-rays and UV stabilize p53 through phosphorylation in its N-terminal region. Because this region contains the MDM2 binding domain, phosphorylation of Ser15, Thr18, Ser20, and Ser37 has been predicted to inhibit the interaction between p53 and MDM2 (Shieh et al., 1997; Ashcroft and Vousden, 1999a; Craig et al., 1999; Meek, 1999; Oren, 1999) . We (Miyakoda et al., 1999) and others (Nitta et al., 1997; Nakagawa et al., 1999) have been shown that heat, which causes protein denaturation, also induces an accumulation of p53, suggesting that heat shock stimulates phosphorylation of the amino terminus of the p53 protein. Here we reported that phosphorylation of p53 at Ser15 but not Ser20 is induced after heat shock (Figure 1) . The increased levels of phosphorylated p53 at Ser15 were comparable to those observed after X-irradiation and UV exposure. It has previously been reported that p53 is not signi®cantly phosphorylated at Ser15 after heat shock in normal diploid cells (Nakagawa et al., 1999) ; in that study, however, they treated cells at 438C for 45 min before a 3-h incubation at 378C. This is in contrast to our 2-h treatment at 438C. Furthermore, they used immuno¯uoresence methods and compared staining intensity in individual cells, all which may help to explain the dierences between their results and ours. We also con®rmed our observations in SV40-immortalized human cells ( Figure  2 ). In GM638, the expression levels of p53 are higher, and the p53 conformation bound to the SV40 large Tantigen may make it easier to detect p53 phosphorylation. After heat shock, we observed an increase in phosphorylation at Ser15 but not at Ser20. Neither Ser6, 9, nor 37 were signi®cantly phosphorylated, although all of these serines were phosphorylated in response to ionizing radiation. These results suggest that multiple pathways are activated by DNA doublestrand breaks induced by ionizing radiation, and that these pathways are not always stimulated by the protein denaturation caused by heat shock.
Previous studies have found that DNA doublestrand breaks phosphorylate p53 at Ser15 through Figure 2 Phosphorylation of p53 protein in SV-40 immortalized GM638 in response to heat shock and X-rays. Cells were heated at 438C for 1 h or irradiated with 4 Gy X-rays and then cultured at 378C for the indicated times (h). Protein extracts were subjected to Western blot analysis using phospho-speci®c antibodies as described in Materials and methods activation of ATM kinase (Nakagawa et al., 1999) . ATM protein is recruited and binds to DNA double strand breaks (Smith et al., 1999; Suzuki et al., 1999) , and it phosphorylates various proteins, including p53, Chk2/Cds1 , BRCA1 (Cortez et al., 1999) , and NBS1 (Zhao et al., 2000; Wu et al., 2000) . Recently, it has also been reported that ATM senses not only DNA double-strand breaks, but also damage induced by various stresses (Lavin, 2000) . Our present results show that an ATM de®ciency abolishes p53 phosphorylation at Ser15 after heat shock ( Figure  3a) , indicating that heat shock activates ATM. Furthermore, a kinase assay carried out in vitro con®rmed this conclusion, and we showed that immunoprecipitated ATM from heat-shocked cells eectively phosphorylates p53 at Ser15 (Figure 4) . These results indicate that phosphorylation of p53 at Ser15 after heat shock is mediated through ATM. Although it is well known that ATM phosphorylates Chk2/Cds1, which stimulates phosphorylation of p53 at Ser20 (Chehab et al., 1999 (Chehab et al., , 2000 Hirao et al., 2000; Shieh et al., 2000) , Ser20 is not phosphorylated in heatshocked normal human diploid cells and SV40-immortalized cells. Therefore, it is possible that heat shock may abrogate Chk2/Cds1 function. Our study demonstrates for the ®rst time that heat shock stimulates ATM kinase, as ATM is well known to be activated by DNA strand breaks. One possible mechanism for this result is that heat-shock treatment directly or indirectly induces DNA strand breaks (Jorritsma and Konings, 1984) . Heat shock is also known to induce radical oxygen species, including superoxide anion (O 2 . Å ) and hydrogen peroxide (H 2 O 2 ) (Ikeda et al., 1999) , and these radicals may provide an alternative pathway to ATM activation.
Several studies have found that p53 is stabilized in response to DNA-damaging agents. p53 stabilization is mediated by the phosphorylation of p53 at Ser20 and Ser15. Most of recent studies have indicated that phosphorylation of Ser20 plays a critical role in p53 stabilization; other studies, however, have also indicated the possibility that Ser15 phosphorylation aects p53 stability as well. Our results show that there is no induction of phosphorylation at Ser6, Ser9, Ser20, and Ser37, but that phosphorylation of Ser15 is increased after heat shock. It should be noted that phosphorylation of p53 is not necessary for p53 Figure 3 Accumulation and phosphorylation of p53 at Ser15 in normal and AT-derived cells in response to heat shock and X-rays. (a) Cells were heated at 438C for 2 h and then cultured at 378C for the indicated times. (b) Cells were irradiated with 4 Gy of X-rays and then cultured at 378C for the indicated times. Protein extracts were subjected to Western blot analysis as described in Materials and methods Figure 4 Phosphorylation of p53 at Ser15 in vitro. HE49 cells were heat-shocked for 2 h and cultured at 378C for 3 h, or irradiated with a 6 Gy X-ray and cultured at 378C for 2h. ATM was immunoprecipitated from cell lysates with anti-ATM monoclonal antibody and protein A/G agarose beads. Immunoprecipitates were washed with kinase buer and incubated at 308C for 30 min in a kinase buer containing 20 mM ATP and histidinetagged p53 protein. The reaction mixture was suspended in a Laemmli's sample buer, and the proteins were subjected to immunoblotting with anti-phospho p53 polyclonal antibody as described in Materials and methods. Upper panel: p53 protein, lower panel: phosphorylated p53 at Ser15 stabilization because p53 accumulates in AT cells without Ser15 phosphorylation. These results indicate that other mechanisms may be involved in p53 stabilization after heat shock. One possibility is that the degradation of p53 may be suppressed by the interaction with heat shock proteins such as HSP72. It is well known that HSP72 is specially induced by heat shock, binds to various proteins, and protects proteins from denaturation. In fact, it has been reported that HSP72 protein both stabilizes and activates p53 (Hansen et al., 1996a,b) . Another possibility is that heat shock may change the conformation of MDM2 or inactivate proteasome, resulting in an abrogation of p53 degradation. Alternatively, phosphorylation of p53 at other sites, that have not yet been discovered, may be involved in p53 stabilization. Previous reports have suggested that phosphorylation of Ser20 and Ser15 is not the only mechanism of p53 stabilization. For example, deferoxamine increases p53 levels, but it phosphorylates only at Ser15 (Ashcroft et al., 2000) . Furthermore, Actinomycin D induces p53 stabilization, but does not result in phosphorylation of either Ser15 or Ser20 (Ashcroft et al., 2000) . Other studies have shown that the replacement of Ser15 and Ser20 with asparadic acid or alanine does not aect the sensitivity of p53 to MDM2-mediated degradation (Ashcroft et al., 1999b) . Thus, multiple pathways may be involved in stabilizing p53 in response to dierent types of stresses.
The biological signi®cance of the phosphorylation of p53 at Ser15 after heat shock remains to be elucidated. It has previously been reported that overexpression of the p53 S15A mutant protein inhibits p53 activity in regulation of the cell cycle (Fiscella et al., 1993) . Apoptotic activity of p53 has also been observed to be impaired by the alanine substitution of Ser15 (Unger et al., 1999b) . These results suggest that phosphorylation of Ser15 may potentiate the transcriptional activity of p53 protein.
Recently, it has been proposed that phosphorylation of Ser15 may enhance the interaction of p53 with p300/CBP, thereby potentiating acetylations that are critical to sequence-speci®c DNA binding (Avantaggiati et al., 1997; Gu and Roeder, 1997; Lambert et al., 1998; Sakaguchi et al., 1998) . Because p53 protein transactivates the p21 promoter after heat shock (Miyakoda et al., 1999; Nitta et al., 1997) , the ATM-mediated phosphorylation of Ser15 may initiate sequential events leading to the activation of p53 protein.
Materials and methods
Cell cultures, X-irradiation, UV irradiation, heat shock, and ALLN treatment Normal human primary diploid cells (HE49), two ataxia telangiectasia-derived ®broblasts (AT2KY and AT5BI), and GM638, the SV40-immortalized human ®broblast cell line, were cultured in Eagle's minimal essential medium (MEM) supplemented with 10% fetal bovine serum (TRACE Bioscience PTY Ltd., Australia) (Watanabe et al., 1992) . The cells, which were growing exponentially in T25¯asks, were heated by immersing the culture¯asks in a water bath at 438C for 1 or 2 h. They were also irradiated with 4 Gy of X-rays (0.425 Gy/min) or exposed to 10 J/m of UV (0.5 J/ m 2 /s). After this treatment, the cells were cultured in a CO 2 incubator at 378C for various periods. The proteosome inhibitor ALLN was added to the cells at a ®nal concentration of 25 mM for 5 h.
Preparation of protein samples and Western blot analysis
After the treatments, cells were trypsinized and lysed in RIPA buer [50 mM Tris-HCl pH 7.2, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS)] containing 1 mM 4-(2-amino-ethyl)-benzenesulfonyl uoride hydrochloride, and cell lysates were stored at 7208C. The cell lysates were thawed and cleared by centrifugation at 15 000 r.p.m. for 10 min at 48C. The protein concentration was determined by the BCA (bicinchoninic acid) protein assay (Pierce, Illinois, USA). Protein samples (8 ± 16 mg) were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) as previously described by Laemmli (Laemmli, 1970) . The proteins were transferred electrophoretically to polyvinyl di¯uoride (PVDF) ®lters in transfer buer [0.1 M Tris and 0.192 M Glycin]. The ®lters were blocked with 10% skim milk overnight and incubated with anti-p53 monoclonal antibody (NEOMAR-KERS, CA, USA) for detection of p53. Phosphorylated p53 protein was detected at Ser6, Ser9, Ser15, Ser20, Ser37, and Ser392 using anti-phospho p53 polyclonal antibodies (BioLabs, MA, USA), which speci®cally recognize phosphorylated p53 proteins at each site. The ®lters were then incubated with biotinylated secondary antibody followed by streptavidin-alkaline phosphatase. The bands were visualized after the addition of nitro-blue tetrazolium chloride/5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt (NBT/BCIP) as a substrate. The band intensity was measured densitometrically with a scanning imager.
Immunoprecipitation and kinase assay in vitro
Histidine-tagged wild type p53 protein was overexpressed in human cancer cells, and they were lysed in lysis buer [8 M Urea, 100 mM NaH 2 PO 4 , and 10 mM Tris-HCl pH 8.0] to collect histidine-tagged p53 protein using Ni-NTA agarose (QIAGEN, Germany) according to the method provided by the manufacturers. The histidine-tagged p53 protein was dephosphorylated with lambda protein phosphatase in reaction buer [50 mM Tris-HCl, 0.1 mM Na 2 EDTA, 5 mM DTT, and 0.01% Brij35 pH 7.5 supplemented with 2 mM MnCl 2 ] at 308C. After heat-inactivation of the phosphatase, dephosphorylated histidine-tagged p53 was subjected to the kinase reaction in vitro.
ATM kinase was immunoprecipitated from HE49 cells treated with heat shock or X-rays by incubating with anti-ATM monoclonal antibody (GeneTex TX, USA) in the buer [50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Tween 20, and 0.3% NP-40], followed by incubation with protein A/ G agarose at 48C.
The ATM kinase reaction was performed using histidinetagged p53 as a substrate in reaction buer [20 mM HEPES pH 7.5, 50 mM NaCl, 10 mM MgCl 2 10 mM MnCl 2 , and 1 mM DTT] containing immunoprecipitated ATM protein and 20 mM ATP at 308C for 30 min. The reacted samples were suspended in SDS sample buer, fractionated by SDS ± PAGE, and electrophoretically transferred to PVDF. Histidine-tagged p53 protein phosphorylated at Ser15 was detected with anti-phospho p53 polyclonal antibody (Bio Labs, MA, USA).
